The dynamic mechanical shear properties of concentrated solutions of polystyrene in tricresyl phosphate. by Wasser, Richard B.




The Dynamic Mechanical Shear Properties of




THE DYNAMIC MECHANICAL SHEAR PROPERTIES OF CONCENTRATED
SOLUTIONS OF POLYSTYRENE IN TRICRESYL PHOSPHATE
A thesis submitted by
Richard B. Wasser
B.S. (Ch.E.) 1959,University of Wisconsin
M.S. 1961,.Lawrence College
in partial fulfillment of the requirements
of The Institute of Paper Chemistry










The Complex Dynamic Shear Modulus 7
'Phenomenological Theory 8
Molecular Theories 10
The Rouse Theory 10
The Zimm Theory 12
Modifications for Polymolecularity 12
Temperature and Concentration Dependence of Relaxation Times 14
Discrete and Continuous Relaxation Spectra 18
The Influence of Entanglement Coupling on Relexation Spectra 19
EXPERIMENTAL 20
The Double Electromagnetic Transducer 20
Construction 20
Transducer Theory 23
Electrical Measuring Circuits 26
Calibration 28
Frequency Limits 30
'Preparation of Polystyrene-TCP Solutions 32
Preparation of Test Samples 32
Determination of Form Factors 34
Physical Properties of Polystyrene-TCP Solutions 36
Concentration 37





General Operating Procedure 39
RESULTS OF DYNAMIC MEASUREMENTS 41
ANALYSIS AND DISCUSSION OF RESULTS 54
Temperature Reduction 54
The Relaxation Spectra 58
Concentration Reduction 63
Effects of Entanglement Coupling 66
Comparison with Molecular Theories 67
ACKNOWLEDGMENTS 76
GLOSSARY OF SYMBOLS 77
LITERATURE CITED 81
APPENDIX I. TUBE IMPEDANCE CORRECTIONS 83
APPENDIX II. PREPARATION OF POLYSTYRENE-TCP SOLUTIONS 86
APPENDIX III. PREPARATION OF TEST SAMPLES 88
APPENDIX IV. DETERMINATION OF FORM FACTORS 90
APPENDIX V. PHYSICAL PROPERTIES OF POLYSTYRENE-TCP SOLUTIONS 91
Concentration 91




APPENDIX VI. TABULATED DATA 97
The Storage and Loss Moduli 97
Temperature Reduction Factors 112
The Shear Moduli Smoothed and Corrected for Solvent Viscosity 114
SUMMARY
The real and imaginary components of the complex dynamic shear modulus were
obtained for six polystyrene-tricresyl phosphate solutions of concentrations 5,
10, 21, 35, 52, and 67% polystyrene by weight. The data were obtained using a
double electromagnetic transducer at frequencies between 6 and 1000 c.p.s. and
over a temperature range where the solutions had dynamic properties characteristic
of the glass-to-rubber transition region.
For all solutions the temperature dependence of relaxation times could be
described by the Williams, Landel, and Ferry (WLF) equation. At the glass trans-
ition temperature the fractional free volume and the expansion coefficient of the
fractional free volume, both calculated from the WLF equation, were found to be
the same for all the solutions. This supports the theory that the glass transi-
tion temperature represents an iso-free volume state.
The method of reduced variables was used to obtain composite curves from
the data at all temperatures. The relaxation spectra were calculated from the
composite curves of both the real and imaginary components of the complex dynamic
shear modulus for each solution. Agreement of the spectra as calculated from
each component indicated that the applied shear strains were within the linear
viscoelastic region where the Boltzmann superposition principle applies.
An equation was derived to relate the effect of concentration on relaxation
times for the concentration range where the fractional free volume is not a
linear function of concentration. The equation is of the form of the WLF equation
and contains fractional free volume parameters which may be calculated from the
WLF equation. This equation was applied to the transition regions of the relaxa-
tion spectra. Above a concentration of l0%, the relaxation spectra were propor-
tional to the square of the concentration as opposed to the first power predicted
by molecular theories for dilute solutions.
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The loss tangent curves for each solution approached or passed through minima
which are indicative of intermolecular entanglement coupling. The number of bonds
between entanglements was estimated to be proportional to the -0.75 power of the
concentration.
The real and imaginary components of the complex dynamic shear modulus for
the 5 and 10% solutions were compared with the molecular theories of Rouse and
Zimm modified for polymolecularity by Menefee and Peticolas. The shapes of the
curves for the 5% solution appeared to be somewhere between that of the Zimm
curve and Rouse curve while the curves for the 10% solution followed the Rouse
theory more closely. The positions of the curves deviated from the theoretical
curves in a direction which could be due to the effect of entanglement coupling
on the steady-flow viscosity.
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INTRODUCTION
Linear high molecular weight polymers are used extensively in the coating
of paper because of the mechanical, optical, and resistant qualities they impart
to the sheet. Polymers such as the cellulose derivatives and those of the vinyl
type may be applied to paper by impregnation with a dilute solution of polymer
in a suitable organic solvent. Various high boiling solvents known as plasti-
cizers are incorporated in the coating formulation in order to give flexibility
and toughness to the polymeric coating.
In a technological sense there is a wealth of information concerning the
effect of plasticizers on the' mechanical properties of high polymers. Unfor-
tunately, most of the information has not been obtained in a form amenable to
analysis according to current theories. In those instances where appropriate
studies'have been conducted, emphasis has been on examination of the undiluted
polymer or its dilute solutions. Relatively little attention has been paid to
the mechanical properties of concentrated polymer solutions.
It is the purpose of the present thesis to contribute to the knowledge about
the mechanical properties of concentrated solutions which, for convenience,,will
be taken to include those solutions with a relative viscosity of the order of
100 or greater (1). The present investigation will be confined to a quantitative
and theoretical interpretation of the effect of concentration, time, and tempera-
ture on the dynamic mechanical properties of solutions of polystyrene in tri-
cresyl phosphate.
Polystyrene was chosen for the present work since it is a typical linear
amorphous polymer. The polymer sample is of high molecular weight and has a
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known molecular weight distribution. Tricresyl phosphate (TCP) was selected as
the solvent because it is completely miscible with polystyrene at all concentra-
tions and it has a very low volatility so that concentration changes of the
solutions due to solvent losses are negligible. Also, a relatively simple and
accurate analysis for TCP is available which makes it possible to determine the
concentrations of the solutions after they have been prepared.
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BACKGROUND
High polymers, such as polystyrene, have remarkable mechanical properties
due to their great length and the fact that they have many degrees of freedom.
When a dynamic mechanical property, such as the shear modulus, is investigated
as a function of time, it is possible to define four characteristic regions in
the experimental time scale. At the short time end of the scale there is a glassy
region where the energy of deformation is stored in valence angle deformation and
slight changes in interatomic distances. Characteristically, moduli of the order
of 10 1 to 10 dynes/cm. are observed. At slightly longer times, where side
groups on the polymer chain are able to respond, the modulus may drop to 1010
dynes/cm.2 .
By advancing along the time scale, the glass-to-rubber transition region is
observed. Here sufficient time is available for segments of the polymer chain
to change configurations and thereby relieve the applied stress. In this region
the modulus will be extremely frequency dependent and will decrease from a value
of the order of 10 dynes/cm. to values of the order of 10 to 10 dynes/cm.
which is characteristic of the rubbery region.
The rubbery region is next in order. This region is observed in those
polymers that are of high enough molecular weight so that a network structure
is present. This may be the result of actual chemical cross-linking or the
result of entanglement coupling between the molecules.
In uncross-linked polymers a final region is observed in which the molecules
disentangle from one another and the modulus drops rapidly in this terminal zone.
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A large amount of work has been conducted on the mechanical properties of
undiluted polymers. The effect of diluting with solvents has not received nearly
as much attention. Most of the investigations on polymer solutions have been
concerned with the rubbery and terminal region of the time scale. Important
advances have been made in the interpretation of the effects of temperature in
the glass-to-rubber transition region, and it seems reasonable to expect that
the effects of concentration in this region may be interpreted in a similar way.
In fact, Fujita, et al. (2) have already shown this to be true for experimental
data obtained on a polymer diluted with small amounts of solvent.
Extensive data in the region of moderately concentrated polymer solutions
is noticeably lacking. The work of Saunders, et al. (3) on the viscoelastic
properties in the transition region for solutions of poly-n-butyl methacrylate
in diethyl phthalate appears to be the only comprehensive study in this area.
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THEORY
THE COMPLEX DYNAMIC SHEAR MODULUS
The experimental method used in this study involves the determination of
the complex dynamic shear modulus, which may be defined as the ratio of sinusoidal
shear stress to sinusoidal shear strain. If the shear stress is represented by the
equation
then the shear strain on a linear viscoelastic material will be given by,
where a and yo are the maximum stress and strain values, respectively, C is the
circular frequency, 5 is the phase angle, and t is the time. The stress and
strain may be represented as vector quantities in the complex mathematical plane
as shown in Fig .1.
The complex shear modulus G* is defined by,
where G' and G" are the real and imaginary components, respectively. From




In analysis of the frequency dependence of the complex dynamic shear modulus,
use will be made of the phenomenological theory of viscoelasticity. Application
of the theory will be limited to conditions which satisfy the Boltzmann principle
of superposition (4, 5). This principle will apply only if all viscoelastic
effects are linear (6). For the polymer solutions treated in the present work,
these conditions are satisfied by restricting the examination of the complex
dynamic modulus to small strains.
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The real and imaginary components of the complex shear modulus can be written
as,
where H is the relaxation spectrum and H d(ln T) is the contribution to the
instantaneous shear modulus associated with relaxation times which lie between
in T and in T + d(ln T). If H were a line spectrum, that is, zero for all values
of T but one, then Equations (4) and (5) simplify to,
2 2
where the kernels are multiplied by a constant, G.. These equations represent
the mechanical properties of a Maxwell model, which consists of a spring of
modulus G. in series with a dissipative unit or "dashpot." The two units acting
-1
together have a characteristic relaxation time, T.. However, for the more complex
mechanical properties of real viscoelastic materials, the kernels of Equations (4)
and (5) must be multiplied by a continuous distribution function or relaxation
spectrum.
It should be noted that C appears on both sides of the equations. The
components of the complex modulus on the left-hand sides of the equations are
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the experimentally accessible quantities which are determined as a function of
frequency. The relaxation spectrum is to be determined and can be recovered from
under the integral sign by means of various methods of approximation.
The integral equations are not independent, and for a linear viscoelastic
material the relaxation spectra obtained from the real and imaginary components
of the complex modulus will be identical. This fact makes it possible to test
the applicability of the Boltzmann superposition principle for any given material
by experimental means.
MOLECULAR THEORIES
In addition to the phenomenologically based theory of viscoelasticity, use
will be made of current molecular theories on the viscoelasticity of polymer
solutions. The present section, therefore, contains a brief discussion of the
theories of Rouse (7) and Zimm (8) and the extension of these theories to poly
molecular systems.
THE ROUSE THEORY
In the Rouse theory an isolated flexible chain molecule is subdivided into
a series of submolecules. The submolecules are long enough so that the distribu-
tion of their end-to-end separations may be described by a Gaussian probability
function. The configuration of the submolecule is specified by the vector
corresponding to the end-to-end separation. The configuration of the molecule
is then described by the set of vectors corresponding to the submolecules.
In a velocity gradient the distribution of configurations of all the polymer
molecules in the solution is continuously perturbed. As a result, free energy
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will be stored in the molecules. The tendency for the free energy to seek a
minimum provides the force tending to return the configurations of the molecules
to their most probable distribution. The description of this process must take
into account the co-ordinated thermal motions of the submolecules. Mathematically
this results in a set of simultaneous partial differential equations in terms of
the co-ordinates, gradients of chemical potential and mobility of the submolecules.
Solution of the equations by the methods of matrix algebra leads to the
following equations for the storage and loss moduli. The storage modulus is
given by,
Here, p is a running index, N is the number of submolecules, c the polymer con-
centration in grams of polymer per cubic centimeter of solution, R is the gas
constant, M the molecular weight, T the steady-flow viscosity, and Rs the solvent
viscosity.
Since the theory does not take into account configurational changes within
segments of the chain shorter than the submolecule it is necessary to place an
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upper limit on the value of p. Rouse imposes the requirement that p < N/5.
This qualification then limits wT1 to less than N2/250.
The theory also does not take into account the intramolecular friction be-
tween the submolecules nor does it apply to polymer solutions with appreciable
polymolecularity.
THE ZIMM THEORY
The Zimm theory (8) is based on a molecular model similar to that used by
Rouse. It differs from the Rouse theory in that it specifically takes into
account hydrodynamic interaction between submolecules. Hydrodynamic interaction
was taken into account by using the method of Kirkwood and Riseman (9) for describ-
-ing the hydrodynamic interaction between molecules in stationary flow.
The real and imaginary components of the complex shear modulus are given
by Equations (6) and (7), respectively; however, the relaxation times obtained
from the Zimm theory are different and are given by
where the X' are numerical coefficients. The first seven values of X' are 4.04,
12.8, 24.2, 37.9, 53.5, 70.7, and 89.4 (10). For p greater than seven the co-
efficients may be approximated by,
= ( 2 p3/2/2) [1 - 1/(2np)]. (10)
MODIFICATIONS FOR POLYMOLECULARITY
Menefee and Peticolas (11) and Peticolas (12) have modified the Rouse and
Zimm theories, which are for homogeneous polymers, to include polymolecularity.
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The modifications for heterogeneity are introduced by assuming that the steady-
flow viscosity of the whole polymer is a weighted sum of monodisperse viscosities;
where w. and M. are the weight fraction and molecular weight of the ith polymer
molecule, respectively, and T pi is the pth relaxation time for that molecule.
For the Rouse theory the relaxation time becomes,
and the equation for the loss modulus in terms of a continuous molecular weight
distribution becomes,
and for the storage modulus,
N
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and W(M)dM is the weight fraction of polymer with molecular weight between M
and M + dM, and M is the weight average molecular weight.
In the case of the Zimm theory, Peticolas (12) obtained for the loss modulus
and for the storage modulus,
TEMPERATURE AND CONCENTRATION DEPENDENCE
OF RELAXATION TIMES
Since relaxation times are, in effect, rate constants, it would seem reason-
able that their temperature dependence would fit an equation of the Arrhenius
type. However, this has not been found to be true for glass-forming polymers
and liquids. Apparent activation energies increase rapidly as the glass transi-
tion temperature is approached (13).
Williams, Landel, and Ferry (13) developed an empirical equation referred
to as the WLF equation, for the temperature dependence of relaxation times. They
found that this equation fitted experimental data of many polymer systems up to
100 degrees above their glass temperatures. The equation is of the form,
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where aT is the ratio of the relaxation time at temperature T to the correspond-
ing relaxation time at an arbitrary reference temperature T . The quantities
-o
C and C2 are empirical constants which are adjusted to fit the equation to the
data.
Williams, Landel, and Ferry have shown that the WLF equation can be derived
from a semiempirical equation developed by Doolittle (14). The Doolittle equa-
tion is used to describe the viscosity-temperature relationship of a homologous
series of n-alkanes and is of the form,
where A and B are constants, B is the viscosity, v the occupied volume of the
molecules, and f the free volume. The free volume is defined as the decrease
in specific volume that would be observed on going from a given temperature to
absolute zero without encountering a change in phase. In order to obtain the
WLF equation from the Doolittle equation, the constant B was set equal to unity,
and the fractional free volume, f, was assumed to be a linear function of tem-
perature,
where f is the fractional free volume at T and f is the expansion coefficient
of the fractional free volume. The factor aT was taken as the ratio of the
viscosities at the two temperatures. It is apparent from the derivation that
the constants in the WLF equation can be taken as
and,
More recently, Cohen and Turnbull (15) derived a theoretical equation for
self-diffusion in liquids. The equation has the same form as the Doolittle
equation provided the self-diffusion coefficient is assumed to be inversely
proportional to viscosity. This provides theoretical justification for the
Doolittle equation and on this basis lends theoretical significance to the WLF
equation.
Fujita and Kishimoto (2) have treated the effect of concentration on the
shift in relaxation times by applying the concept of free volume in a manner
similar to that used for temperature. The Doolittle equation was expressed in
terms of fractional free volume, and the fractional free volume was-assumed to
be a linear function of the solvent concentration. For viscosity, diffusion,
and viscoelastic data, (2, 16 -19) this assumption was found to hold only at
high concentrations, about 80 polymer or higher. Evidently, for lower polymer
concentrations the fractional free volume is not a linear function of solvent
concentration.
In the present work it was necessary to derive an equation for the effect
of concentration on the relaxation times in the concentration range where the
fractional free volume is a nonlinear function of concentration. Fujita and
Kishimoto (19) have pointed out that the linear relationship between fractional
free volume and concentration observed at high concentrations can be determined
independently from the glass temperature-concentration relationship. An exten-
sion of this idea to include the nonlinear concentration range provides the
basis for the following derivation.
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Fox and Flory (20) suggest that the glass temperature is an iso-free volume
state. This is supported by the fact that, for many polymer systems, the WLF
constants, especially C1 fall within a narrow range of values when the glass
temperature of each system is chosen as its reference temperature (1).
Following Fox and Flory, assume that the fractional free volume at the glass
temperature, f , is a constant independent of temperature. Furthermore, assume
that the fractional free volume is a linear function of temperature and the
expansion coefficient, af, is a constant over the range of concentrations con-
sidered. Then,
f(T,c) = f + a [T- Tg(c)] (21)
and for a reference polymer concentration c o
f(T,c o ) = fg + f [T - Tg(co)]. (22)
Taking the difference between Equations (21) and (22),
f(T,c) = f(T,c o ) + af [Tg( o ) - Tg(c)] (23)
and combining Equation (23) with the Doolittle viscosity Equation (17), an equa-
tion of the form of the WLF equation is obtained,
where a is the ratio of relaxation times.
The right side of Equation (24) can be evaluated if the glass temperature
is known as a function of concentration and f(T, o) and af are known from
experimental log aT data. In this case log a can then be calculated and compared
directly with experimental results.
DISCRETE AND CONTINUOUS RELAXATION SPECTRA
According to Equations (8) and (9), the molecular theories of both Rouse and
Zimm predict a discrete set of relaxation times. The relaxation spectrum defined
by Equations (4) and (5) must then be a line spectrum rather than a continuous
spectrum.
The relaxation spectrum for experimental data can only be obtained in continu-
ous form; therefore, in order to compare experimental results with the molecular
theories it is desirable to approximate the line spectrum with a continuous
spectrum. Ferry (1) has shown that except for the two or three longest relaxa-
tion times, the line spectrum can be well approximated by a continuous spectrum.
For the Rouse theory the spectrum has the form,
and for the Zimm theory,
The limitations on these equations are, of course, the same as those for the
Rouse and Zimm theories. Thus, they apply only to dilute solutions.
However, Ferry (1) has suggested that the forms of Equations (7) and (8)
may apply to portions of relaxation spectra of concentrated and even undiluted
polymers. This prediction is based on the assumption that for concentrated and
undiluted polymers "each molecule executes much the same kind of motions that it
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does in dilute solution, except that they are far slower because of higher fric-
tional resistance."
THE INFLUENCE OF ENTANGLEMENT COUPLING ON
RELAXATION SPECTRA
At polymer concentrations and molecular weights high enough to cause entan-
glement coupling between molecules, the transient network structure produces a
plateau region in the relaxation spectrum and a minimum in the loss tangent.
Marvin (21) has derived a theory based on a ladder network model which takes
into account entanglement coupling. Hoberg, et al. (22) have shown by a numerical
evaluation of the Marvin theory that the minimum in the loss tangent can be
expressed as
where M is the monomer molecular weight and A is the number of chain bonds be-
tween entanglement points. The equation only applies to homogeneous polymers;
broad distribution polymers give minima which are too high (22). However, it
has been assumed by Richards, et al. (23) that a broad distribution will not
affect the concentration dependence of the minimum in the loss tangent, and they
have found that for polyisobutylene the change in the number of bonds between
entanglements is inversely proportional to the polymer concentration. This is
what would be expected if there is a constant probability of entanglement of two
juxtaposed monomer units in neighboring chains (23).
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EXPERIMENTAL
THE DOUBLE ELECTROMAGNETIC TRANSDUCER
The present investigation of the dynamic mechanical properties of poly-
styrene solutions is based on the determination of the frequency dependence of
the complex dynamic shear modulus. The complex dynamic shear modulus was deter-
mined by means of a double electromagnetic transducer which is a modified form
of the instrument originally described by Marvin, et al. (24). A brief descrip-
tion of the modified instrument has been published (25); however, many of the
operational details have been omitted. Information concerning the theory,
construction, and recent modifications of the instrument is not readily avail-
able so that it is necessary to cover this material in some detail herein. This
information was furnished by Kurath (26).
CONSTRUCTION
The central unit of the transducer is a rigid tube suspended by means of
8 steel wires as shown in Fig. 2 and 3. Basically, the unit consists of a 4 by
13/16 inch aluminum tube with 1/32-inch walls. The tube is of square cross
section and is fitted at each end with magnesium inserts upon which are mounted
Micarta coil forms. Double layers of No. 35 magnet wire are wound about each coil
form and are attached to the forms by means of coil varnish. The total weight
of the assembled tube is 43.23 g.
Each coil is situated in the magnetic field of a permanent magnet and the
tube is mounted so as to translate freely in an axial direction (see Fig. 3).
The pole faces of the magnets are shaped so as to supply the coils with a radial




-of Armco ingot iron. The magnet proper is a cast Alnico 5 ring magnet 4.101
inches O.D. by 2.994 inches I.D. by 2 inches long. The direction of magnetiza-
tion is parallel to the length.
The use of this particular tube and magnet arrangement has definite electri-
cal advantages, since the specially shaped pole faces make it possible to elimin-
ate electrical coupling between the two tube coils. The use of Micarta coil forms
eliminates eddy current effects which would be encountered if aluminum coil forms
were used.
A massive brass holder is used as a mounting for the tube and magnets.
Sample pairs are strained in shear by pressing them between the flat faces of the
tube and the two massive brass blocks. The blocks are mounted on a grooved track
and may be clamped in any position along the track.
TRANSDUCER THEORY
When a sinusoidal alternating current I is supplied to Coil 1 of the tube
(see Fig..4) the tube will be subjected to a sinusoidal force,
F = B1I1 1 (28)
where B1 is the flux density at coil 1 and 2l is the length of wire in the coil.
Since the magnetic field at the coils is radial, the sinusoidal force will act
in the direction of the tube axis. Since the tube is free to translate in an
axial direction, it will have an instantaneous velocity, v, given by,
v = F/Z (29)
where Z is the mechanical impedance of the tube and pair of samples.
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An open circuit voltage,
E2 = B2 12 v (30)
will be induced in Coil 2. By combining Equations (28), (29), and (30) the
mechanical impedance of the transducer is seen to be,
This is the fundamental expression for the double transducer. For a given instru-
ment the flux density and the length of wire in the coils will be constant quanti-
ties so that Equation (31) can be written,
where K2 is an instrument constant given by = (B1 1)(B 2). The ratio,
I /E2 is known as the electrical transfer admittance. According to Equation (32)
the measurement of mechanical impedance of a double transducer is reduced to a
measurement of the electrical transfer admittance.
If Z represents the mechanical impedance of the transducer tube and Z is
the impedance of the tube when shearing a pair of samples, then the sample
impedance, Zs, is given by,
Noting that v/y* = jh, then the complex shear modulus of the pair of samples may
be calculated by means of the relation,




By measuring the electrical transfer admittance I1/E2, the impedance of the
transducer may be determined from Equation (32). The electrical circuits used
to make these measurements are shown in Fig. 4. The circuits are the same as
those described by Kurath, et al. (24) except for the addition of a frequency
standard and an integrating unit.
A Hewlett Packard model 200 J audio oscillator generates a voltage which
is amplified by means of a McIntosh model MC-30, 30-watt power amplifier. The
output power from the amplifier is supplied to Coil 1. Accurate settings of
the oscillator frequency are obtained by displaying the oscillator frequency
and either the 60 c.p.s. line frequency or the 400 c.p.s. reference frequency
on a DuMont model 403-R oscilloscope and observing the resulting Lissajous
patterns. The 400 c.p.s. reference frequency is supplied by an Industrial
Equipment Co. Model JF 400 frequency standard. The potential divider P is an
Electro-Measurements Dekavider model DV-411 and the resistance R is a 100
General Radio type 1432 decade resistor. The voltmeter V is a Ballantine model
300 vacuum tube voltmeter. The integrating unit is composed of a Philbrick
utility packaged amplifier Model UPA-2 powered by a Philbrick compound regulated
power supply Model R-100B plus a precision resistor and capacitor.
Both Marvin, et al. (24) and Kurath, et al. (25) have described how the
basic circuit can be used to determine the electrical transfer admittance. The
resulting equation is given by,
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where A = /(al+ a) and A a = 2 /(a + q) and ca and a2 are fractions of the
voltage drop across the potential divider P. The resistance R1 is known and K2
is determined by calibration.
An important step in the measurement operation involves adjustment of a
potential divider until the phases of two particular voltages are in quadrature.
This point can be detected by displaying the two voltages on the oscilloscope.
A circle is formed when the balance point is reached; however, it is difficult
to judge when a true circle is obtained. A more accurate technique, suggested
by Dr. E. Passaglia of the National Bureau of Standards, is to shift the phase
of one of the voltages 90 degrees so that a straight line is displayed on the
oscilloscope at the balance point instead of a circle.
The phase shift is accomplished by the integrating unit. If the instan-
taneous input voltage e. to the integrator is,
ei = Em exp (jct) (36)
then upon integration the instantaneous output becomes,
eo = -(1/RC) f Em exp (jut) dt
= -(Em/jRflC) exp (jot) (37)
where RC-is the time constant of the integrator. In terms of the effective
voltages E and E., Equations (36) and (37) combine to give,
Eo/Ei = -l/(jORC). (38)
Equation (38) shows that not only has a 90-degree phase shift occurred, but
also the output voltage is inversely proportional to WRC. The response of the
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output voltage as a function of frequency was checked for linearity at two
levels of the input voltage as shown in Fig. 5. The straight lines having slopes
of -1 indicate that the integrating network operates satisfactorily between 6 and
-4 -l6,000 c.p.s. The time constant, RC, is 4.1 x 10 sec.
CALIBRATION
The method for determining the constant K2 involves measuring the mechanical
impedance of the tube without samples, Z . This impedance depends on the mass
of the tube, m, the elastance of the suspension wires, k, and small frictional
resistances, f; and it is expressed by the relationship,
where m is the circular frequency at which the tube is being driven. Without
samples in the transducer, Equation (35) may be written
and comparing Equations (39) and (40) it can be seen that,
The resonance frequency, where wm = k/w, is about 10 c.p.s. At much higher
frequencies, am will be much larger than k/w and the imaginary part of Equation
(41) then becomes approximately, (K /R 1)A0 = ms. If A0 is plotted versus the
frequency, v, a straight line should be obtained with a slope of 2amR&/K. A
plot of this type is shown in Fig. 6. The straight line indicates that no large
mechanical or electrical resonances occur over this range of frequencies. For a
tube mass of 43.23 g. and a resistance R of 10 2, the slope of the straight line
gives a value for of 2.25(+ .02) x 104 ohm dyne sec. cm.- .
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LOG k C. S.
Frequency Response of the Integrating Circuit Used
in the Double Electromagnetic Transducer
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The mechanical impedance of a pair of samples, Z , is determined from the
difference between the impedance of the tube with samples and without samples
as indicated by Equation (33). Combining this equation with Equations (35) and
(40) gives
Values of 10 and A20 for a number of frequencies are listed in Table I. Near
the resonance frequency of 10 c.p.s., the value of A2 was found to be sensitive
-20
to changes in the tension of the supporting wires. Therefore, it was necessary
to determine values of A in the range of 6 to 60 c.p.s. before or after testing
each set of samples. These values are included in Table I.
Small corrections for temperature dependence and an apparent phase shift
are discussed in Appendix I.
FREQUENCY LIMITS
The frequency range over which the sample impedance can be determined
depends on the design of the instrument and the frequency dependence of the
sample. Equation (33) indicates that the sample impedance is obtained from the
difference of two impedances. Therefore, measurement of the sample impedance
will become inaccurate when the magnitude of the sample impedance is small in
comparison to the tube impedance. Since A20 increases almost linearly with
frequency, this puts an upper limit on the frequency range. The limit will occur
at low frequencies if the impedance of the sample is small and at higher fre-
quencies if the impedance is large.
When the sample impedance is very large, vibration of the transducer case
will interfere with the readings. In addition, the tube velocity is small,





































































































PREPARATION OF POLYSTYRENE-TCP SOLUTIONS
The polystyrene used in this study was prepared and provided by Dr. H. W.
McCormick of the Dow Chemical Company. The polymer, designated B6, was prepared
by isothermal polymerization. The molecular weight distribution is shown in Fig.
7. It was determined by McCormick (27) and checked in this laboratory by Taylor
(28). The polystyrene has a number average molecular weight of 152,000 and
weight average of 434,000.
Practical grade o-tricresyl phosphate (TCP) was obtained from Eastman Kodak
Company and purified by distillation under reduced pressure at 215 to 225°C.
The distillate was a pale yellow with less than 1% impurities as determined by
a phosphorus analysis (for details see Appendix V).
Six polystyrene-TCP solutions were prepared of 5, 10, 21, 35, 52, and 67%
polystyrene by weight. At room temperature there was a wide latitude in the
general physical properties of the solutions. The 5% solution appeared to be
a viscous liquid, while at the other extreme, the 67% solution had an almost
glasslike behavior.
Preparation of the solutions was much more difficult as the polystyrene
concentration increased. The 5 and 10% solutions were prepared by simply heat-
ing and stirring, while the higher concentrations, in addition, required a number
of extrusions through a die. Details of the mixing procedures are given in
Appendix II.
PREPARATION OF TEST SAMPLES
Sample pairs suitable for testing in the transducer were prepared for each
polystyrene solution. The techniques used to prepare sample pairs for the 5, 10,

and 21% solutions were entirely different than the ones used to prepare sample
pairs for the 35, 52, and 67% solutions.
For the low concentrations the transducer was turned on its side. A bubble-
free polystyrene solution was then carefully poured onto one of the sample support
blocks to form a head about one-half inch in diameter. The support block was
immediately placed in the transducer and the sample pressed carefully against
the transducer tube. If done properly, the sample formed a thick film between
the support block and the transducer tube and was held in position by its surface
tension. For the high concentrations bubble-free solutions were molded using
heat and pressure into disk-shaped samples of about one-half inch in diameter.
Specific details of these procedures are given in Appendix III.
DETERMINATION OF FORM FACTORS
It was necessary to determine a form factor for each pair of samples tested
in the transducer in order to calculate the complex dynamic moduli usingEquation
(34). The form factor in Equation (34) is an average for the pair of samples
defined by,
where h1 and A are the thickness and cross-sectional area, respectively, of one
of the samples and h2 and A2 are the corresponding dimensions for the other
sample. An attempt was made to keep the sample dimensions of a pair as nearly
the same as possible. The procedures used to make these measurements are given
in Appendix IV.
The appearance of the form factor in Equation (34) can be used to advantage.
If a second set of sample pairs is prepared with sample dimensions which are much
different than the first set, the form factor can be changed by several fold.
Since the range of sample impedances at which transducer measurements can be
taken will remain about the same as for the first set of samples, the values of
the complex shear moduli obtained will also be changed several fold. Thus, the
range of values of the moduli obtained with the second set of samples can extend
to temperatures or frequencies which are beyond the range of the first set. The






aCoefficient increased 10% to correspond with sample set number 2.
bCoefficient decreased 7% to correspond with first and third sample sets.
Where two or more sample sets were tested at a single concentration, the
temperature ranges covered by the sets could be made to overlap. Thus, complex
dynamic moduli could be calculated from more than one sample set under the same
conditions of temperature and frequency. In some cases a small but constant
percentage difference was noted for the values calculated from different sample
sets. This was attributed to errors in determining the form factors. Where
this occurred, the sample set was selected which was thought to have the most
accurately determined form factor, and the form factor of the other sample set
was then adjusted so that the values calculated for the complex dynamic moduli
would agree. These adjustments are noted in Table II.
PHYSICAL PROPERTIES OF POLYSTYRENE-TCP SOLUTIONS
In order to analyze the data on the mechanical properties of the solutions,
it is necessary to know the concentration, glass transition temperature, density,
expansion coefficient, and steady-flow viscosity. Specific details of the methods
described in the following section are given in Appendix V. The results of these
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Approximate concentrations were determined by mixing known weights of poly-
styrene and TCP. To avoid uncertainties due to loss of solvent or polymer during
mixing, an analysis was made on each solution after it was prepared. This was
accomplished by a chemical analysis of the phosphorus content of TCP using the
Lieb method (29). The method involves oxidation of the organic matter in the
sample to carbon dioxide and precipitation of the remaining phosphoric acid with
a sulfate-molybdate reagent. The TCP content may be determined to + 1%
GLASS TRANSITION TEMPERATURE
Jenckel and Heusch (30) have determined the glass transition temperature
for the polystyrene-TCP system over the entire concentration range. Their results
are shown in Fig. 8. However, the glass transition temperatures of both the pure
polystyrene and the pure TCP were found to be significantly lower than those
reported by other investigators (20,.31, 32). Therefore, the data of Jenckel
and Heusch were checked by determining the glass transition temperatures of the
21, 52, and 67% solutions using the procedure of Wiley and Brauer (33) which
involves measuring the break in the refractive index-temperature curves.
The results are plotted in Fig. 8. The glass transition temperature for
each concentration was found to be 17°C. higher than the values reported by
Jenckel and Heusch. Although their data appear to be low, they are consistently
low, and, therefore, the glass transition temperature of the 5, 10, and 35% solu-





Densities were determined pycnometrically.for the pure TCP, and the 10, 21,
and 35% solutions. Densities of the 52 and 67% solutions were determined from a
measure of their buoyancies in water.
EXPANSION COEFFICIENT
Expansion coefficients of the solutions were estimated from the refractive
index-temperature data used for determining the glass transition temperatures.
The relationship between the refractive index, n, and the expansion coefficient,
.a, may be derived from the Lorenz-Lorentz equation (34),
VISCOSITY
The steady-flow viscosities of the pure TCP and the 5 and 10% solutions were
determined using a Hoeppler falling ball viscometer. The viscosities at 25°C.
are given in Table III.
GENERAL OPERATING PROCEDURE
After placing a pair of samples in the transducer, the instrument was mounted
on a rubber cushion and completely enclosed in a water-tight stainless steel case
which was immersed in a bath of water and ethylene glycol. Temperature control
was maintained within one-tenth of a degree using.a microset mercury thermoregu-
lator to control electrical resistance heaters. For temperatures near and below
room temperature continuous cooling was supplied by a Lehigh refrigeration unit.
A calibrated iron-constantan thermocouple was used to determine the tempera-
ture inside the case. The junction was placed in a hole drilled in one of the
sample support blocks. The hole was located near the face of the block close to
the sample.
The air space surrounding the instrument controlled the heat transfer rate
between the instrument and the bath. This was a disadvantage when it was neces-
sary to change the temperature of the instrument, but once the transducer had
reached the desired temperature, it remained very stable.
Energy is dissipated in the samples when they are deformed, and therefore
it is possible for the sample temperature to increase during a test. In some
cases it was noted that the potential divider readings would change if the power
to the driving coil remained on for a period of a few minutes or more. After
the power was turned off for a few minutes, the original potential divider
readings would be obtained. The change was in the direction of smaller modulus
values which would correspond to a sample temperature increase. In order to avoid
this problem, the power to the driving coil was turned on only when taking read-
ings. This ordinarily took no more than one-half minute.
RESULTS OF DYNAMIC MEASUREMENTS
Transducer measurements were made at temperature intervals of about five
degrees with frequent check runs made at the initial temperature to ensure that
no changes in the sample dimensions had occurred. At each temperature, trans-
ducer measurements were taken at as many of the following 12 frequencies as
possible: 6, 10, .15, 25, 40, 60, 100, 150, 250, 400, 600, and 1000 c.p.s. These
frequencies are spaced at approximately equal logarithmic intervals. In a few
cases where the frequency range was limited, additional data were taken at
frequencies of 8, 12, 20, 32, and 50 c.p.s.
The storage modulus and loss modulus were calculated from the results of
these tests using the sample coefficients given in Table II and by combining
Equations (3), (34), and (42) to give,
and,
These values are tabulated in Appendix VI, and except for a small adjustment,
they are also presented in Fig. 9 through 20. The adjustment, indicated by the
subscript p on the storage and loss moduli, involves a temperature reduction






Figure 11. The Storage Modulus for a-10% Polystyrene-TCP













ANALYSIS AND DISCUSSION OF RESULTS
TEMPERATURE REDUCTION
The data were reduced for temperature according to the reduction scheme
proposed by Ferry (1). The reduction scheme is based on the hypothesis that all
the modes of motion which contribute to the relaxation spectra depend on tempera-
ture in the same way. This assumption is supported both by molecular theories
and experimental results obtained for a wide variety of polymers (1).
If this assumption applies, then a curve of the storage or loss modulus
plotted versus frequency on a log-log scale will be translated by a change in
temperature, but its shape will remain the same. Therefore, appropriate reduced
variables can be defined which incorporate the effect of temperature in their
definitions, and, as a result, curves obtained at different temperatures will
form a single composite curve.
The reduced variables for the storage and loss moduli are defined as,
and
where T and p are the temperature and density at which the modulus was measured,
and T and p are the reference temperature, in this case 298°K, and the corre-
sponding polymer solution density.
The reduced frequency variable is defined as,
(47)
where aT is the ratio of a relaxation time at a given temperature to the corre-
sponding relaxation time at the reference temperature T . The factor log aT was
determined experimentally by first plotting on a log-log scale the reduced stor-
age modulus curves as a function of frequency as in Fig. 9 through 20. The
distance along the frequency axis between each pair of adjacent curves was then
measured. These distances were taken as Alog -. They should be the same for
both the storage modulus and loss modulus curves at each concentration. Reason-
able agreement was obtained for all the curves, but where there were differences
an average of the two values was used. However, in the case of the 67% solution,
the curves for the storage modulus were so nearly horizontal that it was difficult
to determine the distances accurately. Therefore, instead of taking averages, the
values for the loss modulus were used.
By starting at the reference temperature and summing these increments of
Alog aT log -T was obtained as a function of temperature. Experimentally
determined log aT-temperature functions were determined in this way for each of
the six polystyrene concentrations using arbitrarily selected reference tempera-
tures. The log aT-temperature functions all had similar shapes and were found to
nearly superimpose when a particular, though different, reference temperature was
chosen for each polymer solution. As it turned outeach of these reference
temperatures was a constant number of degrees above the glass temperature for
the corresponding polymer solution. These results are shown in Fig. 21 where
the experimental log aT data are plotted for all six polystyrene concentrations.
The reference temperature for each solution is 33 degrees above its glass temper-
-ature.
Although the data appear to fit better at the low temperature end of the
curve, this is deceiving since the curves must coincide where the reference
- 57-
temperature is zero, which in this case was chosen at the low temperature end.
If a reference temperature was chosen at the high temperature end, for example
at T + 70°C., then the data at the high temperature end would appear to fit
better. The deviations of the log aT-temperature functions from exact super-
position fall within the accuracy with which the log aT data can be measured from
the experimental curves and the accuracy of the glass transition temperatures of
the solutions.
The data of Fig. 21 were fitted to Equation (16), the WLF equation, by the
method of least squares which gave values for the constants, C and C2, of 8.93
and 69.4, respectively. The values of the constants depend on the reference
temperature. If a different reference temperature is selected, the constants
associated with this temperature can be calculated according to the equations
(1):
where T' is the new reference temperature. When the reference temperature is
chosen at the glass transition temperature, the constants become 36.4 and 17.0,
respectively.
From Equations (19) and (20) the fractional free volume at the glass transi-
tion temperature is found to be 0.0255 and the expansion coefficient of the
fractional free volume is 7 x 10 4 . The fractional free volume at the glass
transition temperature agrees very well with the "universal" value of 0.025 (1).
The expansion coefficient of the fractional free volume has sometimes been taken
as equal to the difference in the thermal expansion coefficient above and below
--59-
the glass transition temperature (1). From the slopes of the refractive index
curves used to determine the glass transition temperatures (Table III), this
difference was estimated to be about 3.7 x 10 4 which is somewhat lower than af
but at least of the right order of magnitude.
When the reduced storage modulus and loss modulus are plotted on a log-log
plot versus the reduced frequency, composite curves are obtained for each of the
polystyrene solutions as shown in Fig. 22 and 23. The reduction factors used to
reduce the curves to 25°C. are given in Appendix VI.
For each solution, except the 67% solution, a least squares fit of the
experimental data was used to obtain the constants for the WLF equation. The
experimental data for the 67% solution was not sufficient to determine accurate
constants, nor did the data extend to 25°C. Therefore, constants determined
from an average of all the data were used.
Smooth curves were drawn through the data in Fig. 22 and 23. The contribu-
tion of the solvent viscosity to the loss modulus was found to be significant
for the 5, 10, and 21% solutions. This contribution was eliminated by subtract-
ing values of waT s from the loss modulus curves. Points taken from the smoothed
and corrected curves are tabulated in Table IX of Appendix VI.
THE RELAXATION SPECTRA
The relaxation spectra were calculated from the smoothed data (Table IX)
using the second approximation method of Ferry and Williams (35). As a first
approximation, the intensity function, 2T2/(l + 2T2) in Equation (4), is re-
placed by a step function which is zero for wT < 1 and unity for wT > 1. Simi-
larly, the factor 1/(1 + w T ) in Equation (5) is replaced by unity for wT < 1
-60-

and zero for wT > 1. This approximation gives,
and,
The second approximation involves assuming an analytical expression for H
which then permits the exact Equations (4) and (5) to be integrated. The relaxa-
tion spectrum, H, may then be recalculated using the first approximation equations
and compared with the assumed expression. The difference between the two shows
what correction factors should be applied to the first approximation equations.
Assuming an analytical expression for H of the form
H = KT-m (52)
the correction factors to be applied to the first approximation equations are
for Equation (6),
and for Equation (7),
where r is the gamma function.
The quantity m is determined from the slope ofa log-log plot of H vs. T
obtained from the first approximation equations.
The relaxation spectra calculated from both the storage modulus and loss
modulus are shown in Fig. .24. The agreement between the points calculated from
-63-
the two moduli is evidence that the shear strains imposed on the samples were
within the linear viscoelastic region for which the Boltzmann superposition
principle applies.
CONCENTRATION REDUCTION
The results of the temperature reduction indicate that the fractional free
volume at the glass temperature and the expansion coefficient of the fractional
free volume are independent of concentration over the range considered. These
results confirm the assumptions used in deriving Equation (24). Therefore, the
shift in relaxation times, log a , may be calculated with some confidence using
this equation. The value of the fractional free volume in this equation, f(T,c),
can be calculated from Equation (22) using the results of the temperature reduc-
tion. The glass temperatures used in Equation (24) are taken from Table III.
The calculated values of log a are given in Table IV using the 52% polystyrene
-c
solution as the reference concentration, c .
TABLE IV
CALCULATED VALUES OF LOG a
-c
Polystyrene T








The data are calculated using-Equation (24) wit:









h constants of 8.59 for
The curves of Fig. 24 can be reduced by applying the calculated log a
-c
values to the relaxation time axis as shown in Fig. 25. Since the shapes of the
curves are not identical, translations of the spectra along the log H axis will
not superimpose them exactly. However, there is a portion of each spectrum where
the shapes are similar. This portion includes the region where the slope is -1/2
in accordance with the Rouse theory as indicated by Equation (25). Although the
Rouse theory was derived only for the case of isolated molecules, it has been
proposed (1) that even in concentrated solutions there should be a region of the
spectrum with slope of -1/2. Recent experimental data on moderately dilute
polymer solutions support this argument (36).
In Fig. 25 slopes of -1/2 are drawn tangent to all of the spectra except
the 5% solution which does not fit the Rouse theory. The reasons for this are
discussed in the next section. The regions of the spectra where the slopes are
-1/2 can be superimposed by appropriate translations along the log H axis.
Figure 26 shows the change in log H as a function of the change in log c using
the 52% solution as the reference concentration. The straight line indicates
2°0
that H is proportional to c as opposed to the first power as predicted by
the Rouse theory.
Direct comparison of these results with data given in the literature is
difficult since the reverse procedure has usually been used to reduce the curves.
That is, assuming H was directly proportional to the concentration, values of
log a were determined experimentally. Here, log a values have been calculated




In the plateau region H has been found by other investigators (3,37) to
depend on a higher power of concentration, presumably due to entanglement
coupling. However, changes in entanglement coupling should not affect the
spectra in the transition zone, which includes the region with a slope of -1/2;
and, therefore, it seems unlikely that this could explain the concentration
dependence found here.
EFFECTS OF ENTANGLEMENT COUPLING
The logarithm of the loss tangent, G"/G', was determined from the smoothed




tangent curves plotted in Fig. 27, the number of chain bonds between entanglements,
A, can be calculated using Equation (27) and the weight average molecular weight.
For the two highest concentrations, minima were not quite reached, and it was
necessary to make short extrapolations. Values of log A are plotted versus the
logarithm of the polymer concentration in Fig. 28. The 52% solution was used as
the reference concentration. The slope of the straight line indicates that A
-0.75
depends on c According to the probability of entanglement between two
juxtaposed polymer molecules the exponent should be -1 (23). However, since poly-
molecularity is known to affect the minimum in the loss tangent (23), the dis-
crepancy between -0.75 and -1 may be due to the influence of the molecular weight
distribution.
An exponent of -1 was reported for polyisobutylene in cetane (22). For two
methacrylates, polymethyl and poly-n-butyl, in diethyl phthalate, exponents of
about -2.3 to -2.6 were obtained from dynamic data (3, 38), whereas an exponent
of -1.2 was obtained from viscosity data (39). However, in analyzing the dynamic
data it was assumed that in the transition region H was proportional to c. If,
2
instead, H had been taken as proportional to c as has been found for the poly-
styrene-TCP solutions, then the exponent would be -1.3 to -1.6, which is in much
better agreement with the exponent of -1.2 obtained from viscosity data.
COMPARISON WITH MOLECULAR THEORIES
The change in the theoretical Rouse curves for polymolecularity as introduced
by Menefee and Peticolas (11, 12) is shown in Fig..29. The storage modulus and
loss modulus were calculated from the Rouse theory using Equations (6), (7), and
(8); the weight average molecular weight of the polystyrene; and the steady-flow




polymolecularity were calculated using Equations (11), (12), and (13); the molecu-
lar weight distribution given in Fig. 7; and the same steady-flow viscosity. As
shown in Fig. 29 the effects of a broad molecular weight distribution are relatively
small, the main effect being a more gradual change in the slope as the curves enter





Figure 29. The Rouse Theory for a Homogeneous Polymer (Solid Lines) and
Modified for a Broad Distribution Polymer (Dashed Lines)
The Rouse and Zimm theories apply only to concentrations where the polymer
molecules are isolated. These concentrations are lower than the 5% polystyrene
solution, and, therefore, it cannot be expected that the data for the 5% solution
will follow the theories. Nevertheless, it is of interest to compare the data
with the theories in order to observe what deviations arise when interactions be-
tween the molecules occur.
Recently, DeMallie, et al. (40) have presented experimental dynamic data
for dilute solutions of polystyrene fractions, and similar data have been reported
by Tschoegl and Ferry (36) for polyisobutylene fractions, and a whole polymer of
polyisobutylene. For both polymers, the Zimm theory was found to fit the experi-
mental data remarkably well provided that the polymer concentration was one per
cent or less. At higher concentrations two discrepancies were noted. First, the
data tended to deviate from the Zimm theory toward the Rouse theory and second,
the data were shifted with respect to the theoretical curves by a factor which
was equivalent to increasing the molecular weight. The high molecular weight
whole polymer at a concentration of 4% was found to fit the shape of the Rouse
curve better than the Zimm curve.
The data for the 5 and 10% polystyrene-TCP solutions show similar discrep-
ancies as indicated in Fig. 30 through 33. The deviation in the locations of
the theoretical and experimental curves is much greater for the 10% solution
than the 5%. This follows the trend noted by both DeMallie and Tschoegel. How-
ever, here there is probably an additional discrepancy, especially in the 10%
solution, because the steady-flow viscosity was used in calculating the theo-
retical curves. Steady-flow viscosity is highly dependent on entanglement coupl-
ing, and entanglement coupling has already been shown to have some effect on both
the 5 and 10% solutions.
The shapes of the storage and loss moduli curves of the 5% solution appear
to be intermediate between the shapes of the Rouse and Zimm curves whereas the
curves of the 10% solution have shapes which are closer to the Rouse curves.




Figure 30. The Storage Modulus for the 5% Polystyrene-
TCP Solution Compared with the Rouse and Zimm
Curves Modified for Polymolecularity
5
The Loss Modulus for the 5% Polystyrene-TCP Solution
Compared with the Rouse and Zimm Curves Modified for
Polymolecularity
ZIMI
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a the ratio of the relaxation time at concentration c to the correspond-
c- ing relaxation time at an arbitrary reference concentration c
-o
aT- the ratio of the relaxation time at temperature T to the corresponding
-- relaxation time at an arbitrary reference temperature T
-o
A a constant in the Doolittle equation
total cross-sectional area of a pair of transducer samples
A real component of the electrical transfer admittance
cross-sectional area of the first transducer sample of a pair
A2 imaginary component of the electrical transfer admittance
cross-sectional area of the second transducer sample of a pair
A10 real component of the electrical transfer admittance without samples
in the transducer
A imaginary component of the electrical transfer admittance without
samples in the transducer
B a constant in the Doolittle equation
B '-B flux densities at Coils 1 and 2, respectively
c polymer concentration in grams of polymer per milliliter of solution
c reference concentration
-o
C capacitance of a capacitor in the integrating unit
*C.,C2  constants in the WLF equation
c. instantaneous input voltage to integrating unit
e instantaneous output voltage from the integrating unit
E2 open circuit voltage generated in Coil 2
E. effective input voltage to the integrating unit
'E effective output voltage from the integrating unit
-o
f frictional resistance of the transducer tube
fractional free volume
fractional free volume at the reference temperature T
-79-
fractional free volume at the glass transition temperature
fractional free volume at temperature T and concentration c
force
complex dynamic shear modulus
storage modulus or the real component of the complex dynamic shear
modulus
storage modulus reduced to a reference temperature of 25°C.
loss modulus or imaginary component of the complex dynamic shear
modulus
loss modulus reduced to a reference temperature of 25°C.
average thickness of a pair of transducer samples
individual thicknesses of a pair of transducer samples
the relaxation spectrum
alternating current supplied to Coil 1
elastance of the supporting wires for the transducer tube
transducer constant
the lengths of wire in Coils 1 and 2, respectively
mass of the transducer tube
mass of a sample
slope of a log-log plot of H versus T
molecular weight
monomer molecular weight
molecular weight of ith polymer molecule





























r constant in the Lorenz-Lorentz equation
R gas constant
resistance in the integrating unit
R resistance in the circuit of Coil 1
RC the time constant for the integrating unit
t time
tan 5 loss tangent
T temperature
T reference temperature
T glass transition temperature
-g_




w. weight fraction of ith polymer molecule
Z mechanical impedance
ZO tube impedance without samples
Z sample impedance'--s
;a expansion coefficient
1' ,2 potential divider settings
af expansion coefficient of the fractional free volume
7* complex dynamic shear strain
70 maximum value of the complex dynamic shear strain
r( ) the gamma function




\p 'a numerical coefficient
A the number of chain bonds between entanglement points
v frequency in cycles per second
p density of a polymer solution
Pb density of ball in Hoeppler viscosity
a* complex dynamic shear stress
a0 maximum value of the complex dynamic shear stress
T relaxation time
Xu . circular frequency
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Comparison of the real parts of Equation (41) shows that the term A10
depends on the frictional resistance of the tube, f. This should be a small
positive value at all frequencies; however, Table I shows that although A10
values are small and positive at low frequencies, above 60 c.p.s. they become
negative. Negative friction values have no physical meaning, and, therefore,
some other factor must be influencing the A10 values.
In order to determine what effect these negative values had on determining
sample impedance, tests were made on samples of glycerin. For a Newtonian liquid
like glycerin, the values of (A1 - A10) should be constant for all frequencies.
Figure 34 shows this to be the case even though both A1 and Al are negative.
This indicates that the factor causing the negative values is the same whether
samples are in the transducer or not, and it cancels out when taking the differ-
ence between the two terms.
However, after using these negative values for calculating the dynamic
shear moduli for several concentrations, it became apparent that the loss modulus,
G", calculated from (Al - Al ) tended to become too large as the frequency in-
creased, while in some cases the storage modulus tended to be too low. A logical
explanation consistent with these facts is that a small phase shift occurred
which increased with the frequency. If the frictional resistance is assumed to
be essentially zero, then the phase shift, 0, would be tan -1 (A10/A 0) The





This correction is significant only at high frequencies, and then it amounts
to only a few per cent. However, it does help to make the data more consistent,
and, therefore, it was used in all the calculations of the dynamic moduli.
A second correction involves the effect of temperature on the elastance ko
This is significant only near the resonance frequency. Rather than determine A
values for every temperature at which A values were measured, linear temperature
coefficients were used to convert A values to the proper temperature. The tem-
perature coefficients given in Table V were determined from A0 data taken over
a temperature range of 70°C.
TABLE V
THE TEMPERATURE COEFFICIENTS FOR A
Temperature
Frequency, Coefficient,2












PREPARATION OF POLYSTYRENE-TCP SOLUTIONS
For the 5 and 10 solutions, the pure polystyrene and TCP were weighed out
and mixed together in a small beaker. The mixtures were heated in an oven with
occasional stirring until a homogeneous solution was obtained. The conditions of

















































For the higher concentrations, the polystyrene,and TCP were first mixed
together and heated under the conditions indicated in the table. When the poly-
styrene was sufficiently softened by diffusion of the TCP, the mixture was removed
from the oven and extruded through a die. The extruder consisted of a 1/2-inch
diameter piston which fit into a stainless steel cylinder 1-3/4 inches in length.
Three 1/16-inch holes were drilled in the closed end of the cylinder. The mix-
ture was placed in the cylinder, heated and then extruded through the holes by
applying pressure to the piston with a hydraulic press. This procedure was re-
peated a number of times as indicated in Table VI until a homogeneous solution
was obtained. In the case of the 35% solution, the mixture was heated for a
longer period than the other solutions and extrusion was not necessary.
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APPENDIX III
PREPARATION OF TEST SAMPLES
Bubbles were removed from the solutions by heating under reduced pressure.
The solutions of low concentrations were heated for about an hour at 100°C. while
the solutions of high concentration were heated at 150°C., also for about an hour.
The temperature ofa low concentration solution was then adjusted until the solu-
tion would barely pour. This required cooling the 5% solution and heating the 21%
solution. The sample support block, on which the test sample was to be poured,
was cooled with dry ice to a temperature well below that of the solution. When
this temperature was below the dew point of the atmosphere, this procedure was
carried out in a dry box to prevent moisture from condensing on the block. The
viscous solution was then poured onto the block to form a bead. The weight of
the sample was determined by difference. The support block with the bead was
immediately placed in the transducer. The sample was carefully pressed against
the transducer tube to form a thick film which was held in place by its surface
tension.
Test samples for the high concentrations were prepared by molding the solu-
tions into disks. The extruder used for mixing the solutions was also used as
a mold for the samples. The end of the extruder containing the holes was removed
and replaced by a piece without holes. A sample of known weight was then placed
in the cylinder and heated under vacuum to 150°C. The mold was set up so that,
while it was still under vacuum in the oven, the piston could be pressed down
by hand into the cylinder. The vacuum was then released and the mold removed
from the oven and placed in a hydraulic press where the piston was placed under
pressure while the mold cooled. The mold was cooled to near the glass temperature
of the solution before the sample was pressed out. This prevented the shape of
the sample from being deformed. If the sample was free of bubbles it was placed
in the transducer for testing. Before transducer tests were made the samples were
heated in the transducer to temperatures well above the glass transition tempera-




DETERMINATION OF FORM FACTORS
The cross-sectional area of a sample was determined indirectly from its
thickness, density, and mass;
Equation (43) for the form factor then becomes,
The thickness of a sample was determined after being placed in the trans-
ducer as follows: After placing the first sample in the transducer, the face
of the support block for the second sample was pressed against the transducer
tube. The distance between the faces of the two support blocks was then measured
using a telescope gage and a micrometer. This distance was equal to the thick-
-ness of the sample plus the thickness of the transducer tube. By subtracting
the thickness of the transducer tube from the measured distance, the thickness
of the first sample was obtained. The second sample was then placed in the
transducer and the distance measured again. The increase in the distance was
the thickness of the second sample.
APPENDIX V
PHYSICAL PROPERTIES 'OF POLYSTYRENE-TCP SOLUTIONS
CONCENTRATION
The sulfate-molybdate reagent was prepared as follows: 50 g. of ammonium
sulfate were dissolved in 500 ml. of concentrated nitric acid, and 150 g. of
ammonium molybdate were dissolved in 400 ml. of boiling water. After cooling,
the ammonium molybdate solution was poured slowly into the ammonium sulfate solu-
tion. The solution was then transferred to a liter volumetric flask and filled
to the mark.
The form of the complex formed with the phosphoric acid is not known, but
the composition is constant and the phosphorus content has been accurately deter-
mined by Tsuzuki, et al. (41) to be 1.442% phosphorus. The procedure of Lieb in
Pregl (29) was followed except that the analysis was made on a larger scale using
samples containing a few hundredths of a gram of TCP to give precipitates of a
few tenths of a gram.
Five analyses were made on the purified TCP used to make up the polystyrene
solutions The results showed that the phosphorus content of the TCP was 8.35%
(+ 0.05) The stoichiometric quantity of phosphorus in TCP is 8.40%; therefore,
the impurities in the TCP amount to less than 0.7%, assuming that they are all
nonphosphorus compounds. This is a reasonable assumption, since the main impurity
is probably o-cresol, one of the reactants used in the production of TCP.
Samples from each of the six solutions were analyzed by this method. Con-
centrations were calculated using 8.35% as the phosphorus content of TCP.
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GLASS 'TRANSITION TEMPERATURE
The glass temperatures were determined from the break in the refractive
index-temperature curves. The technique was essentially that described by Wiley
and Brauer (33). An Abbe refractometer was used to make the measurements.
Ethanol was pumped through a copper coil immersed in a dry ice acetone bath
before being circulated around the prisms of the refractometer. By adding dry
ice to the acetone bath by hand, the temperature could be held constant within
one degree centigrade. The temperature was held constant for approximately five
minutes at each point before making a refractive index reading, and then dropped
rapidly to the next point. The data for the 21, 52, and 67% solutions are plot-
ted in Fig. 35. .The intersection of the straight lines was taken as the glass
temperature with an estimated accuracy of + 2 degrees.
DENSITY
The density is used to calculate the form factor of the test samples and
it is also used in the reduction of the shear moduli. Two methods were used to
determine the densities of the solutions. For the low polystyrene concentrations,
bubble-free samples were poured into a pycnometer and the remaining free space
filled with water. For the high concentrations, samples, usually the same ones
used for the transducer tests, were suspended from an analytical balance by a
fine wire and weighed in air and then in water to determine their buoyancies.
The densities are plotted in Fig. 36 as a function of concentration. .The
curve seems to be linear except for the 67% solution. The glass temperature
for this concentration is 18°C. which is only about ten degrees below the tem-
perature at which the density was measured. Since the relaxation processes slow
-94-

down drastically as the glass temperature is approached, it may be that the sample
on which the density was measured was not at equilibrium.
EXPANSION COEFFICIENT
The Lorenz-Lorentz equation (34) is given by,
where v is the specific volume, n the refractive index, and r is a constant.
Taking the derivative of this equation with respect to temperature and dividing
by v gives Equation (44).
Expansion coefficients were calculated for the 21,.52, and 67% solutions
using Equation (44) and the data given in Fig. 35. The refractive index was taken
at the glass transition temperature. The calculated expansion coefficients, both
above and below the glass transition temperature are given in Table III.
Density is required for calculation of the form factor, and also for a tem-
perature reduction of the data. In both cases the densities of the solutions at
25°C. given in Table III were adjusted to the required temperature using an
expansion coefficient of 5.5 x 10 4 .
VISCOSITY
The steady-flow viscosities of the pure TCP, and the 5 and 10% solutions
were determined using a Hoeppler falling ball viscometer. About 30 ml. of solu-
tion-were degassed by heating under vacuum. The solution was then carefully
poured into the viscometer and the ball inserted. The temperature of the water
circulating through the jacket was maintained at 25°C. within + 0.1 ° C. The times
-97-
for the ball to pass between the marks was determined a number of times. .The
viscosity in poise was calculated from the equation,
where t is the time in seconds, k is a calibration constant, and Pb and p are
the densities of the ball and solution, respectively. The times were reproduc-


















letters refer to polystyrene
B = 21%; C = 10%; and.E = 5%.


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































THE SHEAR MODULI SMOOTHED AND CORRECTED FOR SOLVENT VISCOSITY
67% Solution










































































































































































































































































































































































































































Log (Gp - oas)
2.83
2.98
3..13
3.26
3.38
3.52
3.63
3.75
3.86
3.98
4.09
4.22
4.34
4.46
4.57
4.71
4.83
4.95
5.06
5.21
5.34
5.46
5.62
5.78
1.6
1.8
2.0
2.2
2.4
.2.6
.2.8
3.0
3.2
3.4
3.6
3.8
4.0
4.2
4.4
4.6
4.8
5.0
5.2
5.4
5.6
5.8
6.0
6.2
6.4
6.6
6.8
7.0
7.2
Log G'
p
3.63
3.76
3.89
4.02
4.14
4,26
4.39
4.50
4.62
4.73
4,84
4.94
5.04
5,12
5,21
5.30
